There is a need for managers, operators, and designers of wastewater treatment facilities to be able to predict effluent concentrations of toxic, inhibitory, and easily degradable organic constituents. Improvements in biodegradation measurement techniques in recent years, particularly the extant kinetic measurement technique, have enabled the rapid measurement of biokinetic parameters. Furthermore, in laboratory scale studies these kinetic parameters have been shown to be better predictors of effluent concentrations in bioreactors than kinetic parameters measured by traditional methods. The utility of the extant respirometric test was demonstrated for evaluating the biodegradation kinetics for a wide range of xenobiotic and biogenic compounds in laboratory, pilot, and full-scale facilities. In separate laboratory studies, the measured kinetic parameters varied considerably (standard deviation for : max was ± 50% of the mean) during long term operation at steady-state conditions. Bioreactors operated with a concentration gradient (e.g., selector for filament control) exhibited greater kinetic ability than completely mixed systems. In addition, the system with the concentration gradient selected for microorganisms that were more resistant to inhibition. The effect of batch industrial discharges to a laboratory SBR showed that a shorter duration discharge had a positive effect on the biodegradation kinetics over a longer duration discharge, even though the mass of xenobiotic compounds in each were identical. In addition, infrequent discharges resulted in decreased degradative ability. This decrease was observed within several days after the absence of the xenobiotic compound. The extant respirometric test was valuable for measuring the kinetic performance of pilot and field-scale facilities.
INTRODUCTION
Our ability to predict the performance of wastewater treatment systems depends on accurate kinetic models and reliable methods for determining the model parameters in them. Currently, models for the prediction of effluent quality from activated sludge wastewater treatment systems can successfully predict the performance of these systems with respect to carbon oxidation, nitrification, denitrification, and phosphorus removal (Henze et al., 1987 , Wentzel et al., 1989 . Furthermore, the methods to determine the stoichiometric and kinetic parameters are well developed (Grady and Daigger, 1998) . The ability to determine the fate of individual synthetic organic chemicals, on the other hand, is not as well developed. New regulations such as the Organic Chemicals and Plastics and Synthetic Fibers (OCPSF) Category Effluent Limitations Guidelines regulate discharges on the basis of individual organic chemical concentrations. Currently there are 57 different compounds regulated from OCPSF industries. In addition, to control hazardous air pollutants from the Synthetic Organic Chemical Manufacturing Industry (SOCMI), the 1990 Clean Air Act Amendments require industries to estimate biodegradation rate constants using Method 304, which requires the operation of a labscale bioreactor to mimic the operation of the full-scale plant (Rajagopalan et al., 1994) . Such regulations create part of the impetus for developing new, simpler methods that enable engineers to predict the rate and extent of biodegradation of individual compounds in engineered treatment systems.
Knowledge of the biodegradation kinetics of a chemical contaminant in a multicomponent wastewater is necessary for the application of reactor engineering principles to predict effluent concentrations under various operating conditions. With this information, the design engineer can make decisions regarding process alternatives with the goal of achieving a cost-effective design that will have a high probability of meeting permit requirements. If model predictions show that effluent concentrations might exceed the required levels, the decision can be made to go to alternative treatment processes, such as powdered activated carbon treatment (PACT ® ).
Obtaining accurate biodegradation kinetic parameters is essential for wastewater operations engineers to adjust operating parameters to meet discharge requirements. It also is important to know how changes in the operation of the plant might affect biodegradation rates. A particular difficulty in industrial plants is the batch nature of many discharges. This has led to difficulty in predicting effluent concentrations by traditional models. Out of 19 compounds studied by O'Brien and Teather (1993) , three could not be modeled successfully. The authors attributed this difficulty to the fact that these three compounds were discharged in batches to the treatment plant. Unfortunately, very little information is available concerning the effect of varying influent concentrations on biodegradation kinetics.
Traditionally, methods to ascertain multicomponent substrate biodegradation are time consuming and expensive. Extensive lab-or pilot-scale studies are required to quantify biodegradation kinetic parameters, and the use of these kinetic parameters has often proven to be inadequate to predict effluent concentrations in full-scale systems (O'Brien, 1991 , Rozich and Gaudy, 1985 . Therefore, there is a need for more accurate approaches for determining biodegradation kinetics that will minimize the time, complexity, and cost of treatability studies and increase the likelihood of success. Furthermore, it is essential to have industry involvement in the development and implementation of these techniques to insure an end result that has practical applications to the unique needs of industrial wastewater treatment facilities.
Background
To meet the needs articulated above, a batch respirometric method was utilized for determining the biodegradation kinetics of individual toxic organic compounds (Ellis et al., 1996a, Grady and . A unique feature of the approach is that it uses low substrate concentrations relative to the total biomass concentration in the batch test. Consequently, changes to the physiological state of the biomass (i.e., levels of RNA, DNA, and proteins) are minimal. The biodegradation kinetic parameters measured in this way provide an accurate reflection of the actual kinetic capabilities of the biomass at a physiological state consistent with that in the continuous system from which the biomass was obtained. The resulting kinetic parameters are termed extant, meaning "currently existing" (Grady et al., 1995) . This is important since many studies on biodegradation kinetics have not taken into account the impact of the conditions of the batch test on the measured parameters. Studies that do take this into account show that higher maximum specific growth rate, : max , and half saturation coefficient, K S , values are obtained in batch conditions with higher initial substrate concentrations. Some suggest that this phenomenon is indicative of the presence of multiple enzyme systems within the microbial community (Hwang et al., 1989, Schmidt and Gier, 1990) or a multiphasic enzyme system within a pure culture (Lewis et al., 1985) . The work of Sokol with a Pseudomonas sp. (1987, 1988a, 1988b, 1992) , however, suggests that the growth history of an organism is a determining factor in the kinetic parameters obtained (i.e., organisms that had been growing at a higher specific growth rate, :, prior to testing will display a higher maximum specific growth rate, : max ).
There is, most likely, a continuum of kinetic parameter values, each reflecting the growth condition prior to (or during) the kinetic test. At one end of the continuum are extant kinetics, which are determined in batch tests at biomass to substrate, X O :S O , ratios on the order of 0.02:1 (where the concentration of X O is taken as that fraction of biomass assumed to be involved in degrading the compound of interest). At the other end of the spectrum are kinetics which are determined at X O :S O ratios on the order of 20:1. These have been given the term intrinsic kinetics (Brown et al., 1990) since the biomass is allowed to grow sufficiently to achieve its maximum capability. Others have used a ratio of 2:1 as the dividing line between high and low X O :S O ratios (Chudoba, 1989 , Chudoba et al., 1992 . The question is then raised, "Which type of kinetic parameters will provide a better prediction of actual system performance?" At present, it appears that extant kinetics will be more successful (Brau, 1995 , and thus they are the focus of the work presented.
Since extant kinetics are intended to measure the capabilities of a culture as they exist in a continuous system at the time of sampling, an important question is how variable are extant kinetics? This question is important if engineers are to use the technique to determine model parameters for the design of new and upgraded treatment facilities. If the kinetic parameters are highly variable, the resulting uncertainty will need to be included in the safety factor used in the design, thereby increasing the size (and cost) of the resulting facility. Reliably producing a high quality effluent can be a critical consideration for a treatment facility because of the financial penalties and adverse publicity that can result from permit violations and/or environmental contamination. Mackey and Grady (1988) observed significant natural variability during the long term operation of a mixed (non-axenic), continuous culture maintained under constant conditions. Had the extant kinetic measurement technique been available at the time of their work, it would have been instructive to know whether the changing output substrate concentrations over time could be attributed to changes in the extant kinetics of the culture as population shifts took place. observed a shift in dominant microbial species when the influent substrate (phenol) concentration to a completely mixed activated sludge (CMAS) unit was varied. Along with the population shift was a change in the measured kinetic parameters.
Also at issue in the application of kinetic parameters to full-scale plant modeling and design is the impact of bioreactor configuration. Does bioreactor configuration affect the kinetic parameters obtained? If it does, then the kinetic parameters obtained with one configuration may not be applicable to a different configuration. Furthermore, there is the question of which bioreactor configuration is best for treating an inhibitory wastewater. Conventionally, completely mixed systems, which have the advantage of nearly instantaneous dilution, have been specified in situations where inhibitory compounds are anticipated because of concern that high concentrations at the influent portion of plug flow bioreactors might cause toxicity to the activated sludge community. The choice to use CMAS systems, however, assumes that the biodegradation kinetics would be the same for the two systems (i.e., that the degree of inhibition would be the same). Which system would be preferable, however, if the kinetic parameters were not the same?
Simultaneous Substrate Biodegradation
Another important issue is the impact of simultaneous multiple substrate biodegradation on measured extant kinetic parameters. Individual substrates can have a synergistic, antagonistic, or no effect on one another, resulting in a growth rate that is higher, lower, or the same, respectively, than if the substrates were present individually. The concepts for specific substrate interactions have been articulated well by Tilman (1980) and others (Baltzis and Fredrickson, 1988 , Leon and Tumpson, 1975 , Sambanais et al., 1986 . Nevertheless, few studies have been undertaken to quantify the effects of simultaneous substrate biodegradation at low growth rates, which are typical of wastewater treatment systems, and even fewer have suggested what the implications for kinetic measurements might be. The general trend in the literature suggests that there is some beneficial effect of simultaneous multiple substrate biodegradation, absent any specific substrate interactions. In one study, as the feed to a continuous culture operated at a low growth rate was made increasingly complex, the effluent concentration of one of the constituents, glucose, decreased (Law and Button, 1977) . The lowest effluent concentration was obtained when the feed was the most complex (a mixture of amino acids and glucose). In another study, mixtures of glucose and galactose resulted in lower effluent concentrations of each than when the substrates were fed as sole substrates to continuous cultures (Egli et al., 1993) . The Law and Button and Egli et al. studies are significant because they were performed with continuous cultures at the low growth rates that are more representative of growth rates in activated sludge treatment systems. Interactions seen in batch studies with high substrate concentrations may not be representative because of the possibility of active metabolic controls (Grady et al., 1969) .
Others have observed similar synergistic effects on the rate of biodegradation of a particular compound due to the presence of an alternate or mixed substrates (Hess et al., 1990 , Papanastasiou and Maier, 1982 , Schmidt et al., 1987 . Meanwhile, other researchers have observed results with simultaneous biodegradation of mixed substrates which could not be explained in a systematic manner (Bae et al., 1995; Grady et al., 1993; Machado and Grady, 1989; Templeton and Grady, 1988) . Therefore, one of the objectives of this work was to quantify the impact of simultaneous substrate biodegradation on the kinetic parameters for an individual test compound. This was done using a biomass sample fed a concentrated mixture of substrates at a constant rate (i.e., fed-batch). The compounds included in the fed-batch feed were the same as the feed to the continuous bioreactor. While the culture was degrading these compounds to low levels, the test substrate was injected. The respirometric response due to biodegradation of the test substrate was used to obtain its kinetic parameters. This resulted in an experiment that had the beneficial aspects of a continuous culture experiment (i.e., continuous metabolism at low growth rates) and the ease of a batch experiment. This approach is significantly different from using batch experiments where biomass is exposed to high concentrations of substrates, and the interactions observed cannot be separated from the effect of transient substrate concentrations.
The fed-batch respirometric technique has been used successfully to analyze the impact of simultaneous substrate biodegradation on the kinetics of several individual substrates (Ellis et al., 1998) . This work demonstrated a stimulatory effect due to the presence of alternate substrates on the kinetics of phenol biodegradation. However, the increase in the rate of biodegradation (7-15% increase in the value of : max ) was small in comparison to the natural variability observed in the system (standard deviation ± 50% of the mean for : max ).
MATERIALS AND METHODS
(1) (2) Kinetic Equations. The Monod equation has found wide applicability in modeling the biodegradation of a noninhibitory substrate, at concentration S, by an acclimated bacterial community, at concentration X (Grady and Lim, 1980) : where r S is the rate of substrate depletion, mg/(L@hr); : max is the maximum specific growth rate, hr -1 ; K S is the half saturation coefficient, mg/L; and Y is the true growth yield, mg/mg. For a compound that is inhibitory to its own biodegradation the Andrews equation has commonly been used (Andrews, 1968): where K I is the inhibition coefficient, mg/L. The Monod and Andrews equations are frequently used for single substrate systems where the compound of interest serves as sole carbon and energy source. They have also been shown to describe the fate of an individual pollutant in a multicomponent feed, provided that the kinetic parameters for that compound are known, as well as the concentration of biomass involved in its biodegradation .
Respirometric Technique for Determining Biodegradation Kinetics.
In the previously developed extant respirometric test (Ellis et al., 1996a) , two 250 mL samples of mixed liquor are obtained from the continuous culture system of interest and aerated for approximately 30 minutes prior to testing in the batch respirometers. The experimental set-up is depicted in Figure 1 . Phosphate buffer (2 mL of 1.2 M) is added to each sample, and the DO concentration is raised to approximately 14 mg/L with pure oxygen. Once a stable endogenous respiration rate is achieved, as evidenced by a linear oxygen uptake rate, the test compound is injected into one of the vessels, and the resulting DO response to mineralization of the test compound is continuously recorded. The second, or control, reactor is operated in parallel and does not receive the substrate injection. The resulting DO data, which are collected at a sampling frequency of 10 Hz through a data acquisition board installed in a personal computer, are smoothed by averaging the data points over a 2-or 4-second interval using the SAS statistical package (SAS Institute, 1988) .
In a modification of the technique described above, a concentrated feed stream is continuously applied to the batch respirometric vessels by use of a syringe pump. The feed stream typically contains the same compounds being fed to the continuous culture bioreactor, and the compounds are fed at the same specific loading rate. The DO is maintained above 2 mg/L during the fed-batch feeding to prevent accumulation of substrates. Since the feed stream is concentrated, it does not result in a significant change in the sample volumes. The test compound is injected into the test reactor receiving the fed-batch feed, while the control reactor receives no injections, only the continuous fed-batch feed. This procedure has been named the fed-batch respirometer, or FBR, technique and is used to assess the biodegradation kinetics of a single compound by a biomass that is also continuously degrading a multicomponent feed (Ellis et al., 1998) .
An example of a typical response is provided Figure 2 . The raw data are shown in panel A where the straight line is a control response and the curved line is the response to an injection of phenol. To analyze the data (from both the batch and fed-batch techniques) the response of the control reactor is subtracted from the test reactor, thereby eliminating from consideration all oxygen consumption not associated with biodegradation of the injected test compound. All data analysis is performed with a spreadsheet-based computer program. If necessary, the initial slope of the adjusted data set is zeroed to correct for slight differences in the background oxygen uptake rates of the two samples. The resulting normalized data are shown in panel B of Figure 2 . Substrate depletion is related to DO uptake in the adjusted data set according to Equation (3) in a batch reactor is solved using a fourth-order Runge Kutta approximation technique, leading to a theoretical curve of substrate concentration versus time. The rate expression employed is either the Monod (Equation 1) or Andrews (Equation 2) expression, depending upon whether the compound is inhibitory to its own biodegradation. The value for X is considered to be constant since the S o :X o ratio is very low (i.e., growth during the test is negligible). The computed substrate depletion curve is converted into the corresponding oxygen consumption curve using Equation 3. The best fit parameters are determined by minimizing the sum of squared errors between the predicted and measured DO values with either a spreadsheet-based program for Monod kinetics or a Fortran program (Wang, 1988) for Andrews kinetics. The best fit parameters for the phenol injection shown in Figure 2A result in the model line shown with the normalized data in Figure 2B . The sources of biomass for the results reported in this paper were two laboratory-scale completely mixed activated sludge reactors (CMAS-1 and CMAS-2) operated at the Department of Environmental Systems Engineering at Clemson University, two laboratory-scale sequencing batch reactors (SBR-1 and SBR-2) operated at the Department of Civil and Construction Engineering at Iowa State University, a pilot plant study operated by Prof. Andrea Jobbágy and co-workers of the Technical University of Budapest at chemical manufacturing plant, and the aeration basins of a municipal/industrial wastewater treatment plant in Budapest, Hungary. The specific details on the operation each of these facilities has been previously published (Ellis, 1995 , Ellis, et al., 1996a , 1996b , Ellis and Anselm, 1997 , Jobbágy et al., 1996 , and Bagyinszki and Jobbágy, 1995 .
RESULTS
Laboratory Results. Table 1 summarizes the measured phenol biodegradation kinetics for two CMAS bioreactors over a period of sixteen months. CMAS-2 had a selector to improve settling characteristics, while CMAS-1 did not. A synthetic feed containing a mixture of xenobiotic and biogenic organic compounds and inorganic nutrients was continuously fed to the systems. The units were operated at a 10-d solids retention time at "steady-state" conditions. CMAS-2 was started on day 120 with biomass from CMAS-1, and all organic feed components were fed to the selector at a ten-fold concentration, while the inorganic nutrients and dilution water were fed to the main bioreactor (in CMAS-1 both organic and inorganic feed streams were added to the main bioreactor; in CMAS-2 nutrients were supplied to the selector via the sludge recycle). Due to the low COD removal in the selector, which resulted in poor biomass settling characteristics, the xenobiotic components of the feed were separated from the selector feed on day 168. After this date, only the biogenic component of the feed was added to the selector, with the remaining xenobiotic compounds, inorganic nutrients, and dilution water going to the main bioreactor.
Several observations can be made from Table 1 . First, there was considerable variation in the phenol biodegradation kinetics for CMAS-1 even though it was operated at constant conditions (i.e. constant temperature HRT, SRT, organic loading, etc.) for the duration of the study. Effluent suspended solids and COD analyses indicated stable performance during this period. The : max values ranged from 0.116 to 0.328 h -1 , an almost three-fold difference. The average : max value and standard deviation for these six measurements was 0.182 ± 0.0778 h -1 . If we look at the first four measurements, even though the K S values were very close, the : max values for these measurements ranged from 0.116 to 0.199 h -1 , almost a two-fold difference. The K I values also varied considerably, ranging from 4.7 to 11.1 mg/L as COD, more than a twofold difference. The second and even more striking observation is the difference in phenol biodegradation kinetics between CMAS-1 and CMAS-2. When the xenobiotic feed was going to the selector (prior to DAY 168), the CMAS-2 biomass degraded phenol according to Monod kinetics with high : max and K S values, 1.03 h -1 and 3.08 mg/L as COD, respectively. When the feed addition point was switched from the selector to the main reactor, the kinetics changed and gradually became more similar to those for CMAS-1. This is illustrated by the ::S curves in Figure 3 which were generated from the measured kinetic parameters given in Table 1 . ::S curves for phenol biodegradation generated using data in Table 1 . CMAS-2 curves are marked with the day of testing. For clarity, not all curves are shown. (After Ellis et al., 1996b) .
In addition to phenol, several other substrates were tested periodically. The ::S curves representing the biodegradation kinetic parameters for 4-chlorophenol are shown in Figure 4A and those for acetate are shown in Figure 4B . Although acetate was not present in the feed, it was chosen as an indicator of biogenic substrate biodegradation kinetics. Variability similar to that seen in CMAS-1 for phenol was also seen in the kinetic parameters for 4-chlorophenol and acetate, which had average : max values and standard deviations of 0.194 ± 0.068 and 0.0158 ± 0.0053 h -1 , respectively. From these results it is evident that the operating conditions of an activated sludge system will have a bearing on the measured biodegradation kinetics for individual compounds, and consequently on the predicted performance of these systems The most dramatic effect on measured kinetics was seen when the feed point was changed from the aerobic selector in CMAS-2 to the completely mixed reactor. Prior to this change, phenol and 4-chlorophenol biodegradation followed Monod kinetics with large : max and K S values. After the feed point change, biodegradation shifted to Andrews kinetics with significantly smaller : max and K S values, and inhibition constants in the 4 to 12 mg/L as COD range. When the xenobiotic compounds were included in the selector feed, the concentration gradient that existed in the system (i.e. high phenol and 4-chlorophenol concentrations in the selector and low concentrations in the main reactor) had the effect of encouraging the development of a biomass exhibiting high velocity (i.e. large : max ) and low affinity (i.e. large K S ) enzyme systems. This finding is consistent with pure culture studies (Matin and Veldkamp, 1978) which showed that a Pseudomonas sp. with a high velocity, low affinity enzyme system outcompeted a Spirillum sp. with low velocity, high affinity enzyme system at high substrate concentrations. The reverse was true at low concentrations. The high substrate concentrations in the selector apparently also allowed the development of biomass which did not exhibit inhibition by phenol and 4-chlorophenol in the batch respirometric test. Once the xenobiotic feed addition point was changed to the main reactor, a concentration gradient no longer existed in the system with respect to the xenobiotic compounds. At this point the : max and K S values for phenol and 4-chlorophenol biodegradation gradually decreased. By the end of the study the difference between the two systems was within the natural variability seen in the CMAS-1 data during the study.
Approximately eight to ten weeks after the xenobiotic feed point was changed, CMAS-2 biomass began showing an inhibitory response to phenol and 4-chlorophenol. This inhibitory response, as evidenced by the respirometric response being fit with the Andrews equation (eqn. 2), was consistently absent up to this time. The batch respirometric test uses low substrate injection concentrations (typically 2 to 4 mg/L as COD), and at these concentrations, retrievability analyses have shown that it is not possible to obtain reproducible estimates of K I above approximately 12 to 16 mg/L as COD (Ellis et al., 1998) . It is likely that phenol and 4-chlorophenol which are known to be inhibitory substrates had K I values above this range. The effect of the concentration gradient was to encourage the development of biomass which exhibited much higher K I values than the completely mixed bioreactor without a selector which did not have a concentration gradient. This is significant because often completely mixed bioreactor configurations are preferred over systems which have a concentration gradient (e.g. plug flow, sequencing batch reactor, or tanks in series systems) for inhibitory compounds. Conventional reasoning assumes that the low concentrations (and lack of a concentration gradient) which result in completely mixed systems will allow biodegradation to take place without a potential for inhibition.
The results of this study suggest, however, that the selective pressure of a bioreactor that has a concentration gradient encourages organisms which are more resistant to inhibition. These systems and not completely mixed systems may therefore be better choices for treating inhibitory compounds.
Although acetate was not present in the feed, it was readily biodegraded during the batch respirometric procedure. The reported : max value for acetate was artificially low since it was assumed in the curve fitting procedure that all the biomass could degrade acetate. This was probably not a valid assumption, and the actual : max value was probably somewhat higher. Regardless of this discrepancy, the acetate kinetic parameters are useful for comparison purposes. There was a large difference in the kinetic parameters between the two systems. CMAS-2 had considerably higher : max and K S values, and these values were relatively unaffected by the change in the xenobiotic feed addition point. The more rapid uptake of acetate in the selector system is consistent with selector theory, which suggests that systems with a concentration gradient will encourage the proliferation of microorganisms with high : max and K S values, whereas complete mixed systems which exhibit low substrate concentrations will encourage microorganisms with low : max and K S values (Chudoba et al., 1985) . In this way, filamentous (bulking) biomass which typically has low : max and K S values will be eliminated from selector systems. In this study, filaments were present in both systems, but CMAS-2 consistently performed better with respect to sludge settleability. Another significant finding from this study is that even the CMAS unit operated at steady-state exhibited considerable variation in the biodegradation kinetics it exhibited. There was as much as 50% variability in the : max values over time. These changes can not be attributed to any intentional change in operating condition and are likely a result of the natural variability in the activated sludge community. This finding is consistent with the large fluctuations in the long term operation of continuous cultures seen by Mackey and Grady (1988) .
Simultaneous substrate biodegradation
In an effort to determine the impact of simultaneous substrate biodegradation on the biodegradation of individual compounds, experiments were performed using the fed-batch respirometric procedure. In one set of experiments, two respirometer work stations were used and a biomass sample was split between four respirometer vessels. Two of the vessels were operated in the normal batch mode with injections made to one of the vessels while the other vessel served as a control. These two samples were alternated between serving as control and test vessels after each reoxygenation period. The other two vessels received fed-batch feeds (one a 100% and the other a 300% fed-batch feed). To avoid an accumulation of any of the slowly degraded or inhibitory compounds, the fed-batch feed contained only the biogenic portion of the feed and ethylene glycol. All vessels were operated in this manner for the duration of the experiment and each received approximately the same number of 2 mg COD/L phenol injections. Therefore, the time effect was equal for each sample and any observed difference in kinetic parameters could be attributed solely to the effect of the different treatments. The results from this experiment are given in Table 2 , and the corresponding ::S curves are shown in Figure 5 . Given the results in Table 2A , it is evident that the simultaneous biodegradation of the biogenic fedbatch feed caused an enhancement in the kinetics of phenol removal. This is indicated by the increase in the : max values at both the 100 and 300% biogenic fed-batch feed rates. These increases were statistically significant compared to the batch : max value. The 100 and 300% : max values, however, were not significantly different from one another; neither were the K S or Y values for any of the cases. Since the time effect was the same for all treatments, this experiment gave a clear indication of the stimulatory effect of simultaneous substrate biodegradation on the rate of biodegradation of a particular compound. Although the degree of enhancement was relatively small (7 and 12% increase in : max for the 100 and 300% biogenic fed-batch feeds, respectively), there was a definite stimulatory effect on the microorganisms during simultaneous biodegradation, and this enhancement for phenol biodegradation with varying rates of a biogenic fed-batch feed. Although the degree of enhancement was relatively small (7 and 12% increase in : max for the 100 and 300% biogenic fed-batch feeds, respectively), there was a definite stimulatory effect on the microorganisms during simultaneous biodegradation, and this enhancement seemed to be proportional to the mass flow rate of the biogenic fed-batch feed, although this effect was not statistically significant.
In a continuation of this experiment, the biogenic fed-batch feed was increased by a factor of two so that the samples previously receiving 100 and 300% biogenic fed-batch feeds received 200 and 600% biogenic fed-batch feeds, respectively. Testing of the batch samples was continued to maintain approximately the same number of phenol injections to all of the samples. This ensured that the time effect and the effect of repeated phenol injections were the same for all treatments. The results from this part of the experiment are given in Table 2B , and the percent increase in : max compared to the batch test is shown in Figure 6 . As before, the simultaneous biodegradation of biogenic substrates resulted in an increased kinetic capability for phenol.
The increase in : max was statistically significant for the 200% biogenic fed-batch case, but not for the 600% case, although at the 90% confidence level the : max value for the 600% case was significantly higher. The lack of increase in : max for the 600% case may be an indication that the simultaneous biodegradation of larger amounts of substrates had no beneficial effect, or at least not as dramatic an effect. It is expected that there would be an upper limit to the enhancement effect, since at some point the concentration of biogenic substrates will become large enough to evoke metabolic controls such as catabolite repression, inducer exclusion, transient repression, and other enzyme regulating controls (Harder and Dijkhuizen, 1982; and Neidhardt et al., 1990) . These experiments were designed to study the effect of simultaneous biodegradation under low growth rate conditions where metabolic control mechanisms would not have a significant impact; i.e., under conditions where the concentrations of the individual substrates were too low to cause metabolic control mechanisms to be operative. It is conceivable that at the 600% biogenic fed-batch rate, enzymes were becoming saturated and the concentrations of the substrates being simultaneously degraded became sufficiently high enough to evoke metabolic controls. In this instance, the biogenic substrates would become the preferred substrates, since they would likely produce a faster growth rate, and the activity of enzymes for phenol would be inhibited. This is consistent with the assumptions used in developing cybernetic models for multiple substrate systems at high growth rates (Kompala et al., 1986) . One question that remained unanswered was what effect the xenobiotic compounds in the fed-batch feed had on the measured kinetics. Another experiment was conducted in which a fed-batch feed including all of the test compounds was compared with a fed-batch feed which contained only the biogenic compounds. Also, to test the possibility that the phenolic compounds in the fed-batch feed (4-chlorophenol, 2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol) were the source of inhibition during phenol biodegradation, these were excluded in a third fed-batch feed. The results from the three fed-batch feeds were compared with the batch test for determining phenol biodegradation kinetics as done previously. All of the fed-batch feeds were at the 100% mass flow rates. The results from this experiment (not shown) demonstrated that all of the fed-batch feeds caused a stimulatory response (although the stimulation, in terms of the : max value, for the non-phenolic fed-batch was not statistically significant). Surprisingly, the fed-batch feed which included all of the compounds (total fed-batch) had the highest degree of stimulation. The xenobiotic compounds, including the phenolic compounds did not cause an inhibitory response as anticipated. It can be concluded, therefore, that the inhibition seen in previous experiments at the higher fed-batch loadings (Ellis et al., 1998) was likely due to repeated exposure to phenol and not the presence of the xenobiotic compounds in the fed-batch feed. 
Effects of operational conditions
The biodegradation kinetics of several toxic organic compounds were determined during the operation of two sequencing batch reactor (SBR) activated sludge systems to evaluate the impact of specific operational changes on the degradative ability of the biomass. The length of the fill period had a dramatic impact on the measured kinetic parameters for phenol, 4-chlorophenol, acetic acid, and monochloroacetic acid. The shortest fill period (0.08 h) resulted in the greatest degradative ability with respect to the maximum specific growth rate, : max , but resulted in the lowest substrate affinity (highest K S value). Longer fill periods (1.5 and 3 h corresponding to instantaneous F/M ratios of 5.68 and 2.84 kg COD/kg biomass@d, respectively) resulted in monotonically decreasing : max and K S values.
Initial results obtained from the batch respirometric technique using phenol as the test compound are provided in Figure 7 . At the 0.08 fill period, corresponding to an instantaneous F/M ratio of 106.6 kg COD/ kg biomass@d, phenol biodegradation kinetics gradually increased over time revealing a gradual acclimation and adaptation by the mixed microbial community to the synthetic feed. The augmentation of biomass from the aeration basin of a local wastewater treatment plant ensured that a diverse population was maintained. This augmentation likely accelerated the acclimation by introducing new microorganisms with a broad range of genetic capabilities to the diverse natural community. The value of : max increased monotonically from 1.05 h -1 on Day 110 to 2.68 h -1 on Day 162. This gradual increase in the rate of biodegradation is illustrated by the two ::S curves (solid lines) in Figure 8 which were generated using the extremes in the range of measured kinetic parameters. The most dramatic change in the rate of biodegradation occurred, however, when the length of the batch feed was increased from the nearly instantaneous fill at 0.08 h to a longer fill period of 3 h, corresponding to instantaneous F/M ratios of 2.84 kg, on Day 178. Within eight days (Day 186) the value of 
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The value of K S also shifted dramatically after the change in batch feeding. At the 0.08 fill period the value of K S (with the exception of the first measurement on Day 110) was consistently in the range of 2.61 -3.30 mg/L as COD. Within eight days after the change to the 3 h fill period, the value of K S dropped to 0.79 mg/L as COD. The value of K S stayed within the 0.19 -0.80 mg/L as COD range for all measurements at the 3 h fill period. On average, the value of K S was approximately 83% lower at the 3 h fill period than at the 0.08 h fill (0.46 mg/L as COD vs. 2.7 mg/L as COD).
In a separate test, phenol and 4-chlorophenol were excluded from the feed to an SBR for a 15 d period. Within several days, the degradative ability of phenol and 4-chlorophenol was diminished significantly as shown in Figure 9 . The affinity (K S ) for phenol remained constant during the time that phenol and 4-chlorophenol were absent from the feed ( Figure 9A ), but the : max values quickly decreased to 15% of its original value. When 4-chlorophenol was reintroduced to the feed, but phenol remained absent, the : max value doubled. When phenol was reintroduced to the feed, the : max value returned to within 85% of its original value.
Removing phenol and 4-chlorophenol from the feed also had an impact on the 4-chlorophenol biodegradation kinetics. Both the : max and K S values were affected by the change. : max decreased approximately 40% and K S increased from 0.04 mg COD/L to 0.26 mg COD/L. These results suggest that the way that a treatment system is operated with respect to batch discharges of toxic organic compounds can have a significant impact on the measured biodegradation kinetics and consequently will impact our ability as environmental engineers to design and operate these systems to achieve specific effluent limits.
Field Test Results
Most of the extant (and other) biodegradation research previously mentioned was performed on laboratory scale activated sludge systems treating synthetic wastewaters. The extant test procedure has also been utilized at several full scale facilities as well. Biomass from a full-scale wastewater treatment plant in Budapest, Hungary was obtained to test the efficacy of the technique for determining biodegradation kinetics of individual organic compounds in the field. Extant biodegradation kinetic parameters were determined for phenol and acetate at the North Budapest Wastewater Treatment Plant. Three different operating strategies were employed at the plant at the time of testing, and the batch respirometric technique was used to determine extant kinetic differences between the three systems.
The first of the three configurations, named System 1, was operated as an activated sludge system preceded by an anoxic selector. Nitrate rich return activated sludge, RAS, and settled primary effluent were joined in the mixed selector tank which consisted of a baffled, non-aerated portion of the first pass of the fourpass aeration tank. System 2 was operated with a constant (target = 2.0 mg/L) dissolved oxygen (D.O.) concentration throughout the four passes of the aeration tank. System 3 was operated with a D.O. concentration gradient: zero initially in the first portion of the first pass and rising to 5 mg/L in the last pass of the aeration basin.
The results of the extant kinetic analysis on biomass from each of the three systems are provided in Table 3 (Ellis, 1995) . The system with a low dissolved oxygen concentration in the first pass of the aeration tank rising to a high D.O. concentration by the end of the last aeration pass (System 3) had consistently higher : max and K S values for phenol and acetate than did the system with an anoxic selector (System 1) or the system which maintained a constant D.O. throughout (System 2). These differences were statistically significant for all : max and K S values with the exception of System 1 and System 3 : max values for acetate which were not significantly different at an " = 0.05. System 1 and 2 : max and K S values showed no statistically significant difference for either acetate or phenol.
These results are interesting because they suggest that the system with the D.O. concentration gradient exhibited greater kinetic ability for both phenol and acetate. The similarity in : max and K S values in System 1 and 2 suggests that the selective pressure of the anoxic selector did not have a significant impact on the kinetic abilities of the populations degrading phenol and acetate. These results, along with the traditional operating data have been used by plant personnel in evaluating which system configuration is optimal for achieving the desired treatment objectives. The tests also demonstrate the ability of the batch respirometric procedure for determining extant kinetic parameters for biodegradation of individual organic compounds in a full scale wastewater treatment plant. At another Hungarian plant, a state-owned, industrial chemical manufacturing facility named NIKE, the extant respirometric technique was used to evaluate kinetics from three different pilot plant configurations. Kinetics were determined for phthalimide, monochloroacetate (MCA), and acetate. The influent to the pilot plants was high in nitrate, and the first system, System 1, consisted of a single sludge system with an anoxic tank followed by two completely mixed aerated tanks in series. System 2 consisted of a two sludge system. The first stage had a single completely-mixed aeration tank preceded by an anoxic tank. The second stage consisted of a single completely-mixed aeration tank. Each stage had a separate clarifier, and MLSS recycle was within the stage. System 3 was identical to System 2 with the exception of a recirculation stream of nitrate rich effluent from stage 2 to the influent of stage 1, and a small bleed through of influent to the second stage aeration basin. Analysis of the results from the first system and stage 1 biomass from systems 2 and 3 are provided in Table 4 .
Results from the two field studies demonstrate the utility of the extant procedure to measure kinetics for toxic and easily degradable compounds under actual operating conditions. This is an important step in applying the newly developed procedure in the field for monitoring system performance, evaluating optimal reactor configurations, and predicting effluent concentrations of individual constituents. 
CONCLUSIONS

C
The utility of the extant respirometric test was demonstrated for evaluating the biodegradation kinetics for a wide range of xenobiotic and biogenic compounds in laboratory, pilot, and full-scale facilities.
In separate studies, the measured kinetic parameters varied considerably (standard deviation for : max was ± 50% of the mean) during long term operation at steady-state conditions.
Bioreactors operated with a concentration gradient (e.g., selector for filament control) exhibited greater kinetic ability than completely mixed systems. In addition, the system with the concentration gradient selected for microorganisms that were more resistant to inhibition.
Simultaneous substrate biodegradation was evaluated using the fed-batch respirometric technique. Simultaneous biodegradation of multiple substrates had a stimulatory effect on the biodegradation kinetics of individual compounds. The stimulatory effects were relatively small (between 7 and 12% increase in : max ). C
The effect of batch industrial discharges to a laboratory SBR showed that a shorter duration discharge had a positive effect on the biodegradation kinetics over a longer duration discharge, even though the mass of xenobiotic compounds in each were identical.
In addition, infrequent discharges resulted in decreased degradative ability. This decrease was observed within several days after the absence of the xenobiotic compound.
The extant respirometric test was valuable for measuring the kinetic performance of pilot and fieldscale facilities.
